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(54) Digital phase locked loop having coarse and fine stepsize variable delay lines 



(57) In a digital phase locked loop, a coarse stepsize 
variable delay line (1 1 ) and a fine stepsize variable delay 
line (12) are connected in series for receiving a reference 
clock pulse and imparting thereto variable delays in 
accordance with higher significant bits and lower signif- 
icant bits. The delayed clock pulse is delivered to the 
input of a clock tree (20) through which the clock pulse 
propagates and are supplied to various parts of an inte- 
grated circuit chip. A phase detector (30) provides a 
phase comparison between the reference dock pulse 
and a delayed clock pulse appearing at one of the out- 



puts of the clock tree (20). A delay controller (40) counts 
the reference clock pulse to produce a count value, and 
increments or decrements the count value in accordance 
with the output of the phase detector (30). The up-down 
count value is supplied as the higher and lower signifi- 
cant bits to the coarse and fine stepsize variable delay 
lines at such longer intervals than intervals at which the 
reference clock pulse occurs that the delayed clock pulse 
is allowed a sufficient time to propagate through the clock 
tree (20). 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a digital phase 
locked loop for use with integrated circuits such as ASIC 
(application specific integrated circuits) chips. 

Description of the Related Art 

In a prior art digital phase locked loop, the reference 
clock pulse is delayed by a variable delay line in the 
amount corresponding to the output of an up-down coun- 
ter. The delayed clock is fed into a clock tree where it 
propagates through different paths to the outputs of the 
clock tree and applied to the various parts of an LSI chip. 
One of the outputs of the clock tree is applied to a phase 
detector where "it is compared with the reference clock. 
The output of the phase detector is applied as an 
up/down command input to the up-down counter, which, 
in response, increments or decrements its count value 
depending on the logic level of the phase detector output. 
However, the prior art PLL suffers from jitter produced as 
a result of the variation of delays introduced to the refer- 
ence clock. Additionally, if the magnitude of jitter is 
restrained to within limited bounds, the upper limit of the 
lock range of the PLL would be constrained by the delay 
time of the clock tree. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to 
provide a digital phase locked loop having reduced jitter. 

According to the present invention, there is provided 
a digital phase locked loop for use with a clock tree hav- 
ing an input and a plurality of clock propagation paths 
extending from the inputto a plurality of outputs. The dig- 
ital phase locked loop comprises a coarse stepsize var- 
iable delay line and a fine stepsize variable delay line 
connected in series for receiving a reference clock pulse 
and imparting thereto variable delays in accordance with 
higher significant bits applied to the coarse stepsize 
delay line and in accordance with lower significant bits 
applied to the fine stepsize delay line, and delivering the 
delayed clock pulse to the input of the clock tree. A phase 
detector provides phase comparison to determine the 
phase difference between the reference clock pulse and 
a delayed clock pulse appearing at one of the outputs of 
the clock tree. A delay controller is provided, which 
counts the reference clock pulse to produce a count 
value. The controller increments or decrements the 
count value in accordance with the output of the phase 
detector and supplies the count value as the higher and 
lower significant bits to the coarse and fine stepsize var- 
iable delay lines at such longer intervals than intervals 
at which the reference clock pulse occurs that the 
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delayed clock pulse is allowed a sufficient time to prop- 
agate through the clock tree. 

In the delay controller, a first timing counter is pro- 
vided for counting the reference clock pulse to produce 

s a count and producing a first timing pulse when the count 
repeatedly reaches a predetermined value, the first tim- 
ing pulse defining the start timing of each of the longer 
intervals. A sequence controller is responsive to a first 
occurrence of the first timing pulse for producing a first 

10 enable pulse when the output of the phase detector has 
a first logic level, and responsive to a repeated occur- 
rence of the first timing pulse for producing a second ena- 
ble pulse when the output of the phase detector has 
changed to a second logic level. An up-down counter is 

is arranged to be enabled in response to the first and sec- 
ond enable pulses far counting the reference clock pulse 
to produce a count value, incrementing or decrementing 
the count value in accordance with a phase comparison 
provided by the phase detector, and producing from the 

20 count value a first group of delay control bits in response 
to the first enable pulse , and a second group of delay 
control bits and a third group of delay control bits in 
response to the second enable pulse. A second timing 
counter is responsive to each occurence of the first tim- 

25 ing pulse for counting a delayed clock pulse from the 
coarse stepsize delay line to produce a count, and pro- 
ducing a second timing pulse when the count reaches a 
predetermined value, the second timing pulse defining 
the end timing of each of the longer intervals. In response 

30 to the second timing pulse, the first and second groups 
of delay control bits are stored in a latch and forwarded 
to the coarse stepsize delay line as the higher significant 
bits and the third group of control bits are stored in the 
latch and forwarded to the fine stepsize delay line as the 

35 lower significant bits 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be described in further 
40 detail with reference to the accompanying drawings, in 
which: 

Fig. 1 is a block diagram of a prior art digital phase 
locked loop; 

45 Figs. 2A and 2B are timing diagrams associated with 
the prior art PLL; 

Fig. 3 is a block diagram of a digital phase locked 

loop according to the present invention; 

Fig. 4 is a timing diagrams associated with the phase 
so detector of Fig. 3; 

Fig. 5 is a block diagram illustrating details of the 

coarse stepsize delay line of Fig. 3; 

Fig. 6 is a block diagram illustrating details of the fine 

stepsize delay line of Fig. 3; 
55 Fig. 7A is a flowchart for describing the overall oper- 
ation of the inventive PLL; 

Fig. 7B is a state transition diagram of the sequence 

controller of Fig. 3; 
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Fig. 8 is a block diagram illustrating details of the 
sequence controller; 

Fig. 9 is a timing diagram for describing the operation 
of the sequence controller; 
Fig. 10 is a block diagram illustrating details of the 
up-down counter of Rg. 3; 
Figs. 1 1 A, 1 1 B and 1 1 C are timing diagrams asso- 
ciated with the internal counter circuits of the up- 
down counter; 

Rg. 12 is a timing diagram for describing a typical 
operation of the phase locked loop of this invention; 
Rg. 13 is a biockdiagram of a modified timing coun- 
ter; 

. Rg. 1 4 is a graphic representation of the load value 
of the modified timing counter in relation to the allow- 
able delay time of the clock tree of Fig. 3; 
Rg. 15 is a block diagram of a modified up-down 
counter; and 

Fig. 16 is a timing diagram associated with an inter- 
nal counter circuit of the modified up-down counter 
of Fig. 15. 

DETAILED DESCRIPTION 

Before proceeding with the detailed description of 
the present invention, it may prove helpful to provide an 
explanation of a prior art digital phase lock loop with ref- 
erence to Figs. 1 , 2A and 2B. 

The prior art digital PLLincludesa variable delay line 
1 by which a reference clock pulse is delayed in the 
amount corresponding to the output of an up-down coun- 
ter 4. The delayed clock is fed into a clock tree 2 where 
it propagates through different paths.formed by a plurality 
of buffer amplifiers connected in tree form, so that clock 
pulses of the same phase appear at the outputs of the 
clock tree for application to the various components of 
an LSI chip such as application specific integrated cir- 
cuits (ASIC) chip, not shown. One of the outputs of the 
clock tree 2 is applied to a phase detector 3, which com- 
prises a single D-type flip-flop for phase comparison with 
the reference clock. The output of the phase detector 3 
is applied to the up/down command input of the up-down 
counter 4, which counts the reference clock pulse to 
increment or decrement its count output depending on 
the logic level of the phase detector output to attain 
phase synchronization between the reference and 
delayed clock pulses. 

If the amount of phase difference between the refer- 
ence and delayed clock is smaller than one clock interval, 
as shown in Fig. 2A, the up-down counter 4 decrements 
its output R at times ti , ts and ^ and increments it at times 
t 2 , t3 and t4, and this pattern of variation is repeated. This 
results in what is known as "jitter" and the magnitude of 
jitter is defined as the difference between a maximum 
phase advance and a maximum phase lag of thedelayed 
clock with respect to the reference clock. In the case of 
Fig. 2A, the maximum phase advance and the maximum 
phase lag correspond respectively to R + 2 and R - 1 and 
the magnitude of jitter is given by {(R + 2) - (R - 1)} mul- 



tiplied by the unit delay time of the variable delay line 1 , 
i.e., three times the unit delay time. 

If the phase difference exceeds one clock interval, 
as shown in Fig. 2B, the up-down counter 4 increments 

5 its output at times ti through t 5 and decrements it at times 
ts through tio, and this pattern of variation is repeated. 
In this case, the magnitude of jitter is given by 
{(R + 4) - (R - 1)} multiplied by the unit delay time of the 
variable delay line J, i.e., five times the unit delay time. 

w Ifthe clock interval is represented by T and the total delay 
time of the clock by Dj, the amount of delay allowed for 
the clock tree is smaller than T - D T . 

Being determined by the variation of delays intro- 
duced to the reference clock, the jitter of the prior art PLL 

15 is of substantial magnitude. If an attempt is made to con- 
strain the magnitude of jitter to within limited bounds, the 
upper limit of the lock range of the PLL would be con- 
strained by the delay time of the clock tree. 

Referring now to Fig. 3. a digital phase-locked loop 

20 according to the present invention is illustrated. As illus- 
trated, it comprises a variable delay line 10. a clock tree 
20, a phase comparator 30 and a delay controller 40. 
Variable delay line 1 0 consists of a coarse stepsize delay 
line 11 and a fine stepsize delay line 12 connected in 

25 cascade between the reference clock source, not shown, 
and the input of the clock tree 20. The coarse stepsize 
delay line 11 is controlled by seven control bits X0-X6 
and the fine stepsize delay line 1 2 is controlled by three 
control bits Y0-Y2. 

30 The phase detector 30 comprises D-type flip-flops 
31 and 32 each having the clock input connected to 
respond to the reference clock pulse. The data input of 
flip-flop 31 is connected to one of the outputs of clock 
tree 20 and the data input of flip-flop 32 is connected to 

35 the Q output of flip-flop 31 to produce a phase-detector 
output PD. If the phase of the reference clock is 
advanced with respect to the clock pulses from the clock 
tree 20 at times to and t 2 as.shown in Fig. 4, flip-flop 31 
switches to low output state in response to the leading 

40 edge of the first reference clock at time to and flip-flop 32 
goes low in response to the leading edge of the next ref- 
erence dock at time tv If the phase of the reference clock 
lags behind the clock tree output at times t 2 and t3, flip- 
flop 31 goes high in response to the leading edge of the 

as reference clock at time t 2 and flip-flop 32 goes high in 
response to the leading edge of the reference clock at 
time t3. It is seen that the output pulse PD of phase com- 
parator 30 changes state one clock interval after an 
advance-lag phase transition that occurs in the clocktree 

so output with respect to the reference clock. 

Delay controller 40 includes a sequence controller 
41 , an up-down counter 42 for counting the reference 
clock, a latch 43 connected thereto for latching delay 
control bits X and Y, a first timing counter 44 for producing 

55 a first timing pulse T1 for defining the start timing of a 
period during which clock pulses are allowed to propa- 
gate through the clock tree 20, a D-type flip-flop 45 for 
producing a sequence start pulse ST, and a second tim- 
ing counter 46 for producing a second timing pulse T2 
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for defining the end timing of the period and updating the 
X/Y values in the latch 43. 

The first timing counter 44 is a 3-bit counter which 
is initialized in response to either a reset pulse RST for 
counting the reference clock pulse and includes a decod- 
ing logic to produce a timing pulse T1 when it counts a 
seventh clock pulse for every eight-clock interval. The 
output of counter 44 is supplied to the data input of flip- 
flop 45 as well as to the sequence controller 41. D-type 
flip-flop 45 produces a sequence start putse ST in 
response to the leading edge of a reference clock pulse 
and supplies the pulse ST to the second timing counter 
46 and sequence controller 41 . The second timing coun- 
ter 46 is enabled by the pulse ST to count the output of 
the coarse stepsize delay line 1 1 and produces a second 
timing pulse T2 when it counts two clock pulses. The sec- 
ond timing pulse T2 is applied to the iatch 43 to update 
control bits X0-X6 and Y0-Y2 with new control bits Z0- 
29 supplied from the up-down counter 42. Up-down 
counter 42 also produces the overflow pulse OVF when 
it is overflowed with reference clock pulses. 

Sequence controller 41 receives the pulses RST, 
PD, T1, ST and OVF to produce a sequence pulse S1 
(which will be used as a reset pulse), an up-down control 
pulse U/D and enable pulses EN0-EN2. Using these out- 
put pulses, the sequence controller 41 controls the up- 
down counter 42. 

As shown in Fig. 5. the coarse stepsize delay line 1 1 
comprises a firstgroup of variable delay lines 1 10 and a 
second group of variable delay lines 111, and selectors 
112 and 113 associated respectively with the variable 
delay lines of the first and second groups. All variable 
delay lines are of identical construction, each comprising 
a tapped-delay line formed by a series of eight unit delay 
elements 1 15. and a selector 1 16. The lower significant 
bits X0, X1 and X2 of coarse delay control bits X0-X6 are 
simultaneously supplied to the selectors 116 of all vari- 
able delay lines 1 10 and 1 1 1 to select one of the eight 
successive taps of each delay line for coupling to a cor- 
responding one of eight input terminals DO to D7 of the 
associated selectors 112 and 113. The end of the 
tapped-delay lines of each variable delay line is con- 
nected to the input of the next variable delay line except 
for the last variable delay line whose output is connected 
to the input terminal D7 of selector 1 13, so that a maxi- 
mum of 128 delay-line taps are connected in series 
between the reference dock source and the D7 input of 
selector 113. On the other hand, the higher significant 
bits X3, X4 and X5 of the coarse control bits X0-X6 are 
supplied to selectors 1 12 and 11 3 to selectively connect 
one of their input terminals to a two-position selector 1 14 
where one of the outputs of selectors 112 and 113 is 
selected by the most significant bit X6 for coupling to the 
fine stepsize delay line 12. By using the 7-bit control data 
X0-X6, any one of the 128 delay-line taps can be selec- 
tively connected to the input of the fine stepsize delay 
line 12. 

Each delay-line element 115 has a unit delay time 
D i which represents the minimum stepsize of the coarse 



stepsize delay line 11. With a total of 128 delay-line ele- 
ments, the difference DV between the minimum of delay 
(=0^ and the maximum of delay (= 0^ x 128) is 
DV = D ^127 which corresponds to the lowest fre- 

s quency of the lock range of the PLL 

As illustrated in Fig. 6, the fine stepsize delay line 1 2 
is constructed of a series of seven delay-line units 120- 
0 to 120-6 of identical structure. Each delay-line unit 1 20 
has a first series circuit of inverters 121 and 122 and a 

10 second series circuit of clocked inverters 123 and 124, 
with the first and second series circuits being connected 
in parallel with their respective circuit junctions being 
connected together. The clocked inverters 1 23, 1 24 have 
their control inputs connected together to receive a cor- 

15 responding delay control bit Y. Specifically, the most sig- 
nificant control bit Y2 is supplied to delay-line elements 
120-0 to 120-3. the control bit Y1 to delay-line elements 
1 20-4 and 120-5, and the least significant bit Y0 to delay- 
line element 120-6. 

20 When the control bit Y applied to a given delay-line 
element is 0, the clocked inverters 123. 1 24 are in a con- 
ductive state, resulting in the given delay-line element 
having a small delay time. When the control bit Y is 1. 
they are switched to a nonconductive state, resulting in 

25 the delay-line element having a larger delay time. When 
all three Y bits are zero, the fine stepsize delay line 12 
provides a minimum delay time represented by Do- 
Therefore, the delay line 12 can vary in delay time 
between the minimum of D 0 and the maximum of 

30 D 0 + D 2 x 7 , where D 2 is the delay time of each ele- 
ment 120. i.e., the minimum stepsize of the fine stepsize 
delay line 12. 

The operations of the delay controller 40 and 
sequence controller 41 will be brief ly described with ref- 

35 erence to Figs. 7A and 7B, respectively. 

In Fig. 7A. the operation of the delay controller 40 
begins with step 1 where a reset pulse is applied to the 
sequence controller 41 which, in response, initializes its 
internal state and produces a sequence pulse S1 to reset 

40 the up-down counter 42 to an initial state. In step 2, the 
sequence controller 41 allows clock pulses to propagate 
through the clock tree. In step 3, the sequence controller 

41 determines sequences S2 to S5, depending on the 
logic level of the PD output of phase detector 30 that var- 

45 ies with time. The sequence controller further responds 
to the presence of an output OVF from up-down counter 

42 for returning to the initializing step 1. In step 4, the 
sequence controller 41 checks the output of the first tim- 
ing counter 44 for the first timing pulse T1 and starts 

so operating the up-down counter 42 when the first timing 
pulse T1 is generated and produces an output in accord- 
ance with the sequence determined by step 3. In step 5, 
a second timing pulse T2 is generated and the latch 43 
updates the X/Y control bits with new values from the up- 

55 down counter. Following step 5, the delay controller 40 
returns to step 2 to allow the delayed clock to propagate 
through the clock tree 20 and repeats the process. 

In Fig. 7B, the sequence controller 41 enters the 
state of a first sequence S1 when it is reset by pulse RST 
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If an overflow condition exists in the up-down counter 42, 
the sequence controller 41 remains in the sequence S1 . 
If no overflow condition exists, the sequence controllers 
exits the sequence S1 and enters a sequence S2 if the 
phase detector output PD is "1\ or enters a sequence 
S3 if the PD output is "0". As long as the conditions OVF 
= 0 and PD = 1 continue, the sequence controller 
remains in sequence S2 and as long as OVF = 0 and PD 
= 0 prevail, it remains in sequence S3. Transition from 
sequence S3 to sequence S4 occurs when the PD value 
becomes equal to "1" and the sequence controller 
remains in state S4 as long as OVF = 0 and PD = 1. 
Sequence S5 is entered when the PD value changes 
from "1" to "0" and this sequence continues as long as 
OVF = 0, regardless of the PD value. In any of states S2 
to S5, the sequence controller returns to the reset state 
S1 if the OVF value changes to "1". 
. As will be described in detail, the sequence control- 
ler 41 produces enable pulses EN2, EN1 and ENO 
depending on the sequence in which it is in and produces 
its outputs that drive the variable delay line 10 with dif- 
ferent stepsizes. During sequences S2 and S3, the 
sequence controller produces the enable pulse EN2 and 
its outputs define a maximum stepsize equal to D 1 x 4, 
where is the unit delay time of the coarse stepsize 
delay line 11. During sequence S4, the sequence con- 
troller produces the enable pulse EN1 and its outputs 
define a medium stepsize D v During sequence S5, it 
produces the enable pulse ENO and defines a minimum 
stepsize D 2 which is equal to the unit stepsize of the fine 
stepsize delay line 12. 

For operating the up-down counter 42 in different 
enable states, the sequence controller 41 generates 
enable pulses EN2, EN1 and ENO depending on the 
determined sequence. Specifically, sequence states S2 
and S3 correspond to enable pulse EN2, and states S4 
and S5 correspond respectively to enable pulses EN1 
and ENO. 

Details of the sequence controller 41 are shown in 
Fig. 8. Sequence controller 41 comprises D-type flip- 
flops 440 to 444 corresponding respectively to 
sequences S1 to S5. Each D-type flip-flop receives the 
start timing pulse ST from the flip-flop 45 of Fig. 3 at the 
clock input C. Flip-flop 440 has a set input S and all the 
other flip-flops have a reset input R, these S and R input 
terminals being connected together to receive the reset 
pulse RST. Thus, in response to the reset pulse, flip-flop 
440 is set to a 1 state, producing a pulse S1 for defining 
the first sequence, while all the other flip-flops are reset 
to a 0 state 

The S1 output of flip-flop 440 is applied to the up- 
down counter 42 and AND gates 433, 435 via OR gates 
432, 434 to enable the AND gates 433. 435. The overflow 
pulse OVF from the up-down counter is applied to the 
data input of flip-flop 440. Thus, the S1 output of flip-flop 
440 changes to "0" in response to a start timing pulse 
ST if the logic state of reset terminal RST goes low and 
changes to "1 " in response to a pulse ST in the presence 
of OVF = 1. 



Rip-flop 441 produces a pulse S2 for defining the 
second sequence when the output of AND gate 433 is 
u 1 which occurs if OVF = 0 and PD = 1 in the presence 
of S1 a 1. To maintain the sequence controller in state 

5 S2 as long as OVF = 0 and PD = 1 , the output of flip-flop 
441 is fed back through OR gate 432 to AND gate 433. 
The S2 output of flip-flop 441 determines the up/down 
mode of the up-down counter 42 by coupling it through 
an inverter 452 to an AND gate 446, which produces a 

10 U/D command pulse when enabled by a PD=1 output. 
Rip-flop 442 produces a pulse S3 for defining the 
third sequence when the output of AND gate 435 is "1", 
which occurs if OVF = 0 and PD = 0 in the presence of 
S1 = 1 or S2 = 1 . To maintain the sequence controller in 

15 state S3 as long as OVF = 0 and PD = 0, the output of 
flip-flop 442 is fed back through O R gate 434 to AND gate 
435. The S3 output is further coupled via OR gate 436 
to an AND gate 437 whose output is coupled to the data 
input of f lip : f lop 443. 

20 Each of the S2 and S3 outputs is coupled through 
an OR gate 445 to an AND gate 447 to produce an ena- 
ble pulse EN2 when AND gate 446 is enabled by the first 
timing pulse T1 . 

Rip-flop 443 produces a pulse S4 for defining the 

25 fourth sequence when the output of AND gate 437 is "1 
which occurs if OVF = 0 and PD = 1 in the presence of 

53 = 1. To maintain the sequence controller in state S4 
as long as OVF = 0 and PD = 1, the output of flip-flop 
443 is fed back through OR gate 436 to AND gate 437. 

so The S4 output is applied to an AND gate 448 to produce 
an enable pulse EN1 when AND gate 448 is enabled by 
the first timing pulse T1 , and is further applied to an AND 
gate 438 whose output is coupled through OR gate 439 
to the data input of flip-flop 444. 

35 Rip-flop 444 produces a pulse S5 for defining the 
fifth sequence when the output of AND gate 438 is "1", 
which occurs if OVF = 0 and PD = 0 in the presence of 

54 = 1. To maintain the sequence controller in state S5 
as long as OVF = 0, the output of f Gp-f lop 444 is fed back 

40 to an AND gate 453, which is enabled by the output of 
inverter 430 to drive the data input of flip-flop 444. The 

55 output is applied to an AND gate 449 to produce an 
enable pulse ENO when AND gate 449 is enabled by the 
first timing pulse T1 . 

45 The timing diagram of Fig. 8 shows in detail the oper- 
ation of the sequence controller 41 during periods ti to 
ts along with the operation of the first timing counter 44 
and flip-flop 45 by which the timing pulse ST and T1 are 
respectively produced. The operation of the sequence 

so controller will be described by assuming that th e overflow 
input OVF is 0 during a period from time to to the 6th 
clock pulse of the fifth period ts- It is further assumed that 
a phase detector PD = 1 occurs in the first period ti and 
continues until the 6th clock of the second period t 2 . pro- 

55 ducing a pulse PDa, and occurs again during a period 
between the 6th clock pulses of periods t 3 and U (PDb), 
so that all sequences S1 to S5 appear in this order during 
periods ti to ts. Timing pulses T1 a to T1 e are produced 
in response to the 6th reference clock pulse of the first 
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to fifth periods, respectively, and start timing pulses STa 
to STe are produced immediately following the trailing 
edge of corresponding pulses Ha to T1 e. 

During the first period ti, the sequence controller is 
initialized by a reset pulse RST, causing the logic level 
of the S 1 output to switch to "1 Clock pulses from delay 
line 10 are allowed to propagate through the clock tree 
20 and are compared with the reference clock, with the 
result that the phase detector 30 produces a PD=1 out- 
put, setting the U/D output to "1". During the second 
period t 2 , the S2 output of flip-flop 441 is switched to "1 M 
in response to the leading edge of start timing pulse STa 
because of the presence of PD = 1 and SI = 1 . Using 
the feedback path, flip-flop 441 self-maintainsthe S2 out- 
put in the "1" state. With S2 = 1 , the up-down command 
U/D is switched to "0" and an enable pulse EN2a is pro- 
duced in response to the timing pulse T1b. The S1 output 
is now switched to "0" in response to the pulse STa. 

During the third period 13. the S3 output of flip-flop 

442 is switched to 'T in response to the leading edge of 
start timing pulse STb because of the presence of PD = 
0 and S2 = 1 . Using the feedback path, flip-flop 442 self- 
maintains the S3 output in the "1 " state. With S3 = 1 , the 
PD input is switched to "1 " again, and so an enable pulse 
EN2b is produced in response to the timing pulse T1c 
and the U/D command terminal is switched to "1 " again. 
The S2 output is now switched to "0" in response to the 
pulse ST^ 

During the fourth period.^, the S4 output of flip-flop 

443 is switched to "1" in response to the leading edge of 
start timing pulse STc because of the presence of pulses 
PDb and S3=1. Using the feedback path, flip-flop 443 
self-maintains the S4 output in the "1 " state. With S4 = 
1, an enable pulse EN1a is produced in response to the 
timing pulse T1d and the U/D command terminal is 
switched to "0" at the trailing edge of pulse PDb. The S3 
oulput is now switched to "0 M in response to the pulse 
STc. 

During the fifth period t 5 . the S5 output of flip-flop 

444 is switched to "1" in response to the leading edge of 
start timing pulse STd because of the presence of PD = 
0 and S4 = 1 . Using the feedback path through AND gate 
453, flip-flop 444 self-maintains the S5 output in the "1" 
state. With S5 = 1 , an enable pulse ENOa is produced in 
response to the timing pulse T1 e . The S4 output is now 
switched to "O" in response to the pulse STd. 

During the sixth period te, the overflow input OVF is 
"1" and the S1 output of flip-flop 440 is switched to 'T 
again in response to the leading edge of the timing pulse 
STe. With OVF = 1, the AND gate 453 output switches 
to "0\ causing the S5 output of flip-flop 444 to return to 
"0". 

It is seen from Fig. 9 that each of the enable pulses 
EN0, EN1 and EN3 has a duration corresponding to the 
interval between the leading edges of successive refer- 
ence dock pulses. Due to the inherent delay of the 
sequence controller 41 , the leading edge of each enable 
pulse lags slightly behind the leading edge of the corre- 
sponding reference clock pulse. 



Referring to Fig. 10, the up-down counter 42 com- 
prises counters 460, 461 and 462, and OR gates 463 
and 464, ah d an AND gate 465. Each of the counters 
460, 461 and 462 is reset when the sequence signal S1 

5 is high and is enabled in the presence of an enable pulse 
to count a corresponding reference clock pulse to incre- 
ment or decrement its count value depending on the logic 
level of the up-down command U/D to produce output 
pulses Z at the Q output terminals of each counter and 

10 a carry/borrow output C/B. 

When U/D = 0 , each counter operates in a "count- 
down" mode, and when U/D = 1 , each counter operates 
in a "count-up mode. With U/D = 0 , C/B = 1 in each 
counter indicates that it is producing a borrow output and 

15 with U/D = 1 , C/B = 1 indicates that it is producing a 
carry output The logic state of the C/B output of each 
counter varies in response to the leading or trailing edge 
of the up-down command pulse U/D even if the counter 
is not enabled. 

20 The operations of counters 460, 461 and 462 will be 
described with reference to the timing diagrams of Figs. 
1 1 A, 1 1 B and 1 1 C, respectively, by assuming that each 
counter is enabled at times t 2 to t B . During each interval 
between successive times t 2 to U, a varying number of 

25 dock pulses exist depending on the occurrences of ena- 
ble pulses. Each counter is incremented or decremented 
depending on the logic level of the U/D command at the 
leading edge of a reference clock pulse only when there 
is a corresponding enable pulse. It is further assumed 

30 that the up-down command U/D is " 1" between times t 2 
and t6 in Fig. 1 1 A, between times t 2 and t 5 * in Fig. 1 1 B, 
and is "0" until at least time in Fig. 1 1C. 

During the initial period of the operation of counter 
460, (Fig. 11 A), the up-down command U/D is "0" and 

35 thecarrytoorrow output C/B1 T, indicating that a borrow 
output is produced between times to and ti and all the Q 
outputs are zero. 

At time t 2 . the counter 460 is incremented to cause 
the Q0 output to go high f '1") and at time b it is incre- 

40 mented, so that QO goes low ("0") and Q1 goes high. 
Similar events occur during the time following b and Q0 
is "0" and Q1 and Q2 are "1 " immediately preceding time 
Therefore, at time U, the counter 460 is incremented 
to the full count value and Q0 goes high. Because of the 

45 presence of U/D * 1 , a carry output C/B1 - 1 is produced. 
At time t 5t the counter 460 is further incremented, 
causing Q0, Q1, Q3 to go low at the same time and the 
carry output C/B1 changes to "0". At time t 8 , the counter 
460 is incremented and Q0 changes to "1" which contin- 

so ues until time t 7 , whereupon the counter 460 is decre- 
mented to "000" because of the presence of U/D «= 0. 
Since Q0, Q1 and Q3 are ail "O's, the C/B1 output 
changes to "1", producing a borrow output. In the pres- 
ence of the borrow output at time ts. the counter 460 is 

55 decremented so that its count value corresponds to the 
full count "111" and the C/B1 output goes low. 

The outputs Q0, Q1 and Q2 of the counter 460 are 
supplied as delay control bits 20, Z1 and Z2 to the latch 
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43 where they are latched and delivered to the delay line 
12 as control bits YO. Y1 and Y2. 

In Fig. 1 1 B, the operation of counter 461 differs from 
that of counter 460 in that it is enabled in response to a 
1 output from the carry/borrow output C/B1 of counter 5 

460 as well as in response to the enable pulse EN1. 
Assuming that there is no C/B1=1 output, the counter 

461 is enabled only in response to each enable pulse 
EN1 . At time t 2 , the counter 461 is incremented, produc- 
ing a 1 at the Q3 output. At time t3, the counter 461 is 10 
incremented further, causing Q3 to go low and Q4 to go 
high, which continues until time tj, whereupon the coun- 
ter 461 is incremented to change Q3 to "1", producing a 

full count, and hence, a carry output C/B2=1 . At time ts, 
the counter 461 is incremented, producing a count value 15 
"00" and causing the C/B2 output to go low. In response 
to the trailing edge of the up-down command U/D at time 
t 5 ', the C/B2 output changes to "1", producing a borrow 
output. At time t6, the counter 461 is decremented, pro- 
ducing a full count value "1 1 ". In the presence of U/D=0, 20 
the counter 461 is successively decremented to "1 0" and 
"01" at times t7 and ts, respectively. 

In Fig. 1 1C, the counter 462 is enabled in response 
to the C/B2=1 output of counter 461 as well as in 
response to the enable pulse EN2. Assuming that there 25 
is no C/B2=1 output, the counter 462 is enabled only in 
response to each enable pulse EN2. Because of the 
presence of U/D=0, the counter 462 is successively dec- 
remented from the full count value "11111" and reaches 
"00000" Immediately following time U» producing a bor- 30 
row output C/B3=1. With C/B3 = 1, the counter 462 is 
decremented, producing a full count "11111" at time t 5 , 
causing the C/B3 output to change to "0". With the U/D 
input still being "0" at time te, the counter 462 is decre- 
mented to "1 1 1 1 0". Since the U/D command has been 35 
changed to T before time t7, the counter 462 is incre- 
mented to the full count at time t7 and a carry output is 
produced. At time ts. the counter 462 is incremented to 
a zero count value, causing the C/B3 output to change 
to "0". 40 

The carry/borrow outputs C/B1, C/B2 and C/B3 of 
all counters are supplied to the AND gate 465 to supply 
the overflow pulse OVFto the sequence controller 41 , as 
mentioned previously,. 

The Q0 to Q2 outputs of counter 460 constitute a 3- 45 
bit signal with Q0 and Q2 being the least and most sig- 
nificant bits, respectively. These three bits are supplied 
as Z0 to Z2 to the latch 43 where they are latched and 
supplied to the fine stepsize delay line 1 2 as control bits 
Y0 to Y2, so that the delay time introduced by delay line so 
1 2 is varied with increments of the unit delay time D 2 . On 
the other hand, the Q3 and Q4 outputs of counter 461 
and the Q5 to Q9 outputs of counter 462 constitute a 7- 
bit signal with Q3 being the least significant bit and Q9 
being the most significant bit. These Q3 to Q9 outputs 55 
are stored in the latch 43 as Z3 to Z9 and supplied to the 
coarse stepsize delay line 1 1 as control bits X0 to X6, so 
that the delay time introduced by delay line 1 1 is varied 
with increments of the unit delay time Di. 



As described with reference to Fig. 7B, when the 
sequence controller 41 has been reset in the initial 
sequence SI . It operates in one of four sequences S2 to 
S5, starting with sequence S2 or S3 and thereafter mov- 
ing to sequences S4 and S5 depending on the logic level 
of the phase detector output PD as illustrated in Fig. 8, 
and a corresponding one of enable pulses EN0, EN1 and 
EN2 is produced (see also Fig. 9), and supplied to 
counters 460, 461 and 462 (Fig. 10). 

During sequences S2 and S3, the enable pulse EN2 
is produced and counter 462 is operated, while counters 

460 and 461 remain inthe initialized state. Therefore, the 
fine stepsize delay line 12 is supplied with control bits 
"000" to introduce a minimum delay D 2 and the coarse 
stepsize delay line 1 1 is supplied with five higher bits X3 
to X6 and two lower zero bits X0 = X1 = 0 . Therefore, 
the amount of total delay introduced by variable delay 
line 10 is varied with a resolution which is four times the 
unit delay time D 1 during the sequences S2 and S3. 

During sequence S4, the enable pulse EN1 is pro- 
duced and counters 461 and 462 are operated as a sin- 
gle counter connected by the carry/borrow output C/B2. 
while counter 460 remains in the initialized state. There- 
fore, the fine stepsize delay line 12 is still supplied with 
all zero bits and the coarse stepsize delay line 1 1 is sup- 
plied with all seven bits X0 to X6. Therefore, the amount 
of total delay introduced by variable delay line 1 0 is varied 
with a resolution equal to the unit delay time D 1 during 
the sequence S4. 

During sequence S5, the enable pulse EN0 is pro- 
duced and all counters 460, 461 , 462, connected by the 
carry/borrow outputs C/B1 and C/B2, operate as a single 
counter. Therefore, the fine stepsize delay line 12 is still 
supplied with the three control bits Y0 to Y2 and the 
coarse stepsize delay line 11 is supplied with all seven 
bits X0 to X6. Therefore, the amount of total delay intro- 
duced by variable delay line 1 0 is varied with a resolution 
equal to the unit delay time D 2 during the sequence S5. 

It is seen therefore that the resolution of the variable 
delay line 1 0 increases stepwisely as the operating state 
of sequence controller 41 changes from sequence S2. 

As it is seen from the foregoing that the 3-bit counter 
44 sets the phase comparison timing between the refer- 
ence dock and the delayed clock. The use of this timing 
counter would seem to prolong the time to attain phase 
synchronization between these clock pulses. However, 
the stepwise decrements of the resolution of the up- 
down counter 42 under sequence controller 41 reduces 
the amount of time taken to acquire phase synchroniza- 
tion. 

In order to permit the phase comparison to be made 
at the leading edge of the reference clock, the delay time 
D 1 x 4 must be smaller than the minimum pulse duration 
of the reference dock pulse. 

In quantitative terms, when the Q3 output of counter 

461 is incremented or decremented in response to a 
change in the cany/borrow output C/B1 of counter 460 
(i.e., Q3. Q2, Q1, QO change from "01 11" to "1000" or 
vice versa), there is a change in the total delay time of 
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D 1 -D 2 x N , where N is the number of the delay ele- 
ments of fine stepsize delay line 12, which is one less 
than the maximum count value of counter 460. In the 
illustrated embodiment, the total delay time variation dur- 
ing such bit transition is D 1 - D 2 x 7 . Since this 
amount of delay would cause a jitter if it exceeds the 
delay units D<\ and D 2 of both delay lines 1 1 and 12 are 
determined so that they have a relation 
D 1 -D 2 xNsD 2 , i.e., D 1 § (N+1) D 2 to prevent 
jitter from exceeding D 2 . Therefore, the relation 
NxD 2 <D 1 * (N+1) D 2 (i.e., 
7xD 2 <D 1 ^8xD 2 ) should be observed. 

The PLL has a longest sync acquisition time if the 
unit delay time of each element of the coarse delay line 
11 reduces because of manufacturing tolerances or 
ambient conditions and if there is a maximum phase dif- 
ference in the PLL which corresponds to one reference 
clock interval. If Dt is 0.16 nanoseconds, and the refer- 
ence clock interval T is 20 NS. 8 x T/(D ^4), i.e., 222 
clock pulses (corresponding to 4440 nanoseconds) are 
needed to attain synchronization if the variable delay 1 0 
is controlled with the maximum stepsize, i.e., x 4, for 
such a maximum phase difference during sequences S2 
and S3. Since 32 (=8 x 4) clock pulses are required to 
correct a phase difference corresponding to x 4 with 
the minimum stepsize D 2> and 64 (=8 x 8) clock pulses 
are needed meet the requirement that D 1 be larger than 
D 2 x 7 and equal to or smaller than D 2 x 8 just described 
above, a maximum of 318 clock pulses (corresponding 
to 6360 nanoseconds) are required for sync acquisition 
when the variable delay line 10 is control led with the min- 
imum stepsize D 2 during sequence S5. 

For a fuller understanding of the present invention, 
a typical operation of the digital phase-locked loop during 
sequence S5, for example, is illustrated in Fig. 12. 

At time to, the Z0 to Z9 outputs of up-down counter 
42 assume a value P. At time t 1( the first timing counter 
44 produces a T1 timing pulse "a" in response to the 
leading edge of a 6th reference clock pulse, which 
causes the sequence controller 41 to produce an EN0 
enable pulse w b". In the presence of the enable pulse V, 
a 7th clockpulse produced at timet 2 causesthe up-down 
counter 42 to decrement its outputs to P-1 since the 
phase detector output PD is "0". The second timing coun- 
ter 46 counts output pulses "c" and "d" of the coarse step- 
size delay line 1 1 and produces a T2 timing pulse "e" at 
time t 3 which causes the latch 43 to store and forward 
the P-1 value to the delay line 10 as X and Y outputs. A 
clock pulse from delay line 1 1 that appears at time U fol- 
lowing the update of X, Y values is further delayed by 
delay line 12 and propagates through the clock tree 20 
and appears at the input of phase detector 30 at time ts. 
In response to the next 7th clock pulse (time t B ), the up- 
down counter 42 updates its outputs depending on the 
PD output of phase detector 30 produced as a result of 
the phase comparison at time t 5 . At time te, the phase 
detector 30 is producing a PD= 1 output which causes 
the output Z of the up-down counter to be incremented 
to P. 



Since the up-down counter 42 has no knowledge on 
the phase timing of the clock being delayed by the coarse 
stepsize delay line 1 1 and hence has no ability to deter- 
mine when to deliver its outputs, the purpose of the sec- 

5 ond timing pulse T2 is to determine the correct timing for 
the up-down counter to forward its outputs by counting a 
predetermined number of pulses from the coarse step- 
size delay line 1 1 . 

From the foregoing it is seen that, since phase com- 

10 pari son occurs once for a series of clock pulses, a suffi- 
cient amount of time margin can be assigned to the delay 
controller 40 in order to wait for the clock pulses returning 
from the dock tree 20. 

If the transit time of the delayed clock pulses through 

15 the clock tree 20 is considerably shorter than the interval 
between successive count up/down operations 
(between times t 2 and te in Fig. 12). the phase lock loop 
is timewise inefficient. In such cases, it is advantageous 
to reduce the amount of period between times ts and fe. 

20 Fig. 13 illustrates a modified embodiment in which - 
the 3-bit counter 44 of Fig. 3 is replaced with a 4-bit pro- 
grammable counter 44A having a load input for loading 
a preselected count value D in response to a carry output . 
produced by the counter 44A. Initially, the counter 44A 

25 operates as a hexadecimal counter to count reference 
clock pulses when it is initialized by a reset pulse. When 
a carry is output when the hexadecimal counter attains 
a full count value "16", the count value D is loaded and 
the full count value of the counter changes to 16 - D. The . 

so count value D is determined in relation to the transit time 
of clock pulses that propagate through the clock tree 20 
so that once the PLL operates following the initial state 
which prevails during the first 16 dock pulses, the period 
between successive up/down count operations can be 

35 reduced by an amount corresponding to the loaded value 
D, and hence, to the delay time of the clock tree 20. The 
use of the loading technique allows the PLL to operate 
with a minimum of waste by adapting the counter 44A to . 
the delay time of the clock tree 20. Fig. 14 shows the load 

40 value "D" and the allowable delay time of the clock tree. 
Since three clock pulses are present during times U and 
ts, a load value D of decimal "8* corresponds to an allow- 
able clock-tree delay time of 3T - D max where, T is the 
reference dock interval and D max is the maximum total 

45 delay time of the fine stepsize delay line 12. If the load 
value is "0", the delay time allowed fa the clock tree 20 
is equal to 11 x T - D max . 

With this loading arrangement, the clock tree 20 has 
an extended range of allowable delay times and the sync- 

so acquisition time of the PLL can be optimized in accord- 
ance with the allowable delay time of the clock tree. 

The up-down counter is modified as indicated at 42 A 
in Fig. 15. The up-down counter 42A includes a counter 
460A having a load input and a separate carry output 

55 and a separate borrow output which are combined by an 
OR gate 466 and supplied as carry/borrow output C/B1 
to the OR gate 463 as in the previous embodiment. The 
carry and borrow outputs of counter 460 are fed back to 
the load inputs LOAD 1 and LOAD2 of this counterto load 
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three-bit counts "Lf and "L^, respectively, which are 
respectively "010" and "101", for example. 

When the counter 460A reaches a full count and pro- 
duces a carry output at time U. causing the counter 461 
to produce a Q3=1 output, the value "010" is loaded at 
the trailing edge of the carry output at time t 5 as illustrated 
in Fig. 16. Without this loading, the count value would 
change to "000". Thus, when a full count is reached the 
counter 460A starts incrementing from the loaded value 
w 01 0", rather than from the otherwise all-zero count. The 
maximum count-up range of counter 460A now changes 
from the count of 8 to the count of 6. 

When the counter 460A reaches a zero count and 
. produces a borrow output at time t7, causing the counter 
461 to produce a Q3=1 output, the value "1 01 " is loaded 
at the trailing edge of the borrow output at time tg. Thus, 
when a zero count is reached the counter 460A starts 
decrementing from the loaded value "101" rather than 
from the otherwise all-one count. 

Since the requirement to prevent jitter from exceed- 
ing D 2 is given by the relation D 1 i^ (N+1)D 2 , this 
requirement changes to D 1 is (N+1 - L 2 as a 
result of the loading of the value L| (where N is 7 in the 
illustrated embodiment). Thus, in the illustrated embod- 
iment, the anti-jitter requirement changes from 

D 1 is8xD 2 toD 1 i£6xD 2 . 

In response to the borrow output at time t& the coun- 
ter 460 is loaded with the value L 2 ,. The loading of this 
value causes the counter 460A to change from "000" to 
"101 i.e., from decimal "0" to "5", rather than to decimal 
"T. The maximum count-down range of the counter 
460A also changes from the count of 8 to the count of 6 
as in the case of the count-up mode. The requirement 
for the PLL that D 1 i< (N+1)D 2 now changes to 
requirement D 1 is (L 2 + 1) D 2 , i.e., from 
D 1 is8xD 2 toD j is 6 x D 2 . 

Since the Di value can be determined from the low- 
est frequency of the lock range of the PLL and D 2 from 
the jitter performance, the loading values Li and L 2 can 
be appropriately determined from the Di and D 2 values. 
Therefore, the PLL of this invention can be designed 
without serious concern about the relationships between 
Di and D 2 . 

Claims 

1 . A digital phase locked loop for use with a clock tree 
(20) having an input and a plurality of clock propa- 
gation paths extending from the input to a plurality 
of outputs, comprising: 

a coarse stepsize variable delay line (11) and 
a fine stepsize variable delay line (12) connected in 
series for receiving a reference clock pulse and 
imparting thereto variable delays in accordance with 
higher signif icant bits applied to the coarse stepsize 
delay line and in accordance with lower significant 
bits applied to the fine stepsize delay line, and deliv- 
ering the delayed clock pulse to the input of said 
clock tree; 



a phase detector (30) for detecting a phase 
difference between the reference clock pulse and a 
delayed dock pulse appearing at one of the outputs 
of the clock tree; and 

5 d elay control means (40) for counting the ref- 

erence clock pulse to produce a count value, incre- 
menting or decrementing the count value in 
accordance with an output of said phase detector 
(30) and supplying the count value as said higher 

to and lower significant bits to said coarse and fine 
stepsize variable delay lines at longer intervals than 
intervals at which said reference clock pulse occurs 
so that said delayed clock pulse is allowed a suffi- 
cient time to propagate through said clock tree. 

15 

2. A digital phase locked loop as claimed in claim. 1, 
wherein said delay control means (40) comprises: 
a first timing counter (44; 44A) for counting 
said reference clock pulse to produce a count and 

so producing a first timing pulse (T1) when the count 
repeatedly reaches a predetermined value, said first 
timing pulse defining the start timing of each of said 
longer intervals; 

a sequence controller (41) responsive to a 

25 first occurrence of said first timing pulse for produc- 
ing a first enable pulse (EN2, EN1) when the output 
(PD) of said phase detector (30) has a first logic 
level, and responsive to a repeated occurrence of 
said first timing pulse for producing a second enable 

30 pulse (EN0) when the output of said phase detector 
has changed to a second logic level; 

an up-down counter (42; 42A) arranged to be 
enabled in response to said first and second enable 
pulses for counting the reference clock pulse to pro- 

35 duce a count value, incrementing or decrementing 
the count value in accordance with a phase compar- 
ison provided by said phase detector (30), and pro- 
ducing from the count value a first group of delay 
control bits (Z3-Z9; X0-X6) in response to said first 

40 enable pulse (EN2, EN1), and a second group of 
delay control bits (Z3-29; X0-X6) and a third group 
of delay control bits (Z0-Z2; Y0-Y2) in response to 
said second enable pulse (ENO); 

a second timing counter (45, 46) responsive 

45 to each occurrence of said first timing pulse for 
counting a delayed clock pulse from said coarse 
stepsize delay line (1 1 ) to produce a count, and pro- 
ducing a second timing pulse (T2) when the count 
reaches a predetermined value, said second timing 

50 pulse defining the end timing of each of said longer 
intervals; and 

a latch (43), responsive to said second timing 
pulse, for latching and forwarding the first and sec- 
ond groups of delay control bits to said coarse step- 

55 size delay line ( 1 1 ) as said higher significant bits and 
latching and forwarding the third group of control bits 
to said fine stepsize delay line (1 2) as said lower sig- 
nificant bits. 
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3. A digital phase locked loop as claimed in claim 1, 
wherein said delay control means (40) comprises: 

a first timing counter (44; 44A) for counting 
said reference clock pulse to produce a count and 
producing a first timing pulse (T1) when the count 5 
repeatedly reaches a predetermined value, said first 
timing pulse defining the start timing of each of said 
longer intervals; 

a sequence controller (41) responsive to a 
first occurrence of said first timing pulse for produc- 10 
ing a first enable pulse (EN2) when the output (PD) 
of said phase detector (30) has a first logic level or 
a second logic level, responsive to a repeated occur- 
rence of said first timing pulse for producing a sec- 
ond enable pulse (EN1) when the output of said 75 
phase detector has changed from said first or sec- 
ond logic level to the second or first level, respec- 
tively, and responsive to a further repeated 
occurrence of said first timing pulse for producing a 
third enable pulse (ENO) when the output of said 20 
phase detector has changed from the logic level at 
which said second enable pulse (EN1) was pro- 
duced; 

an up-down counter (42; 42 A) arranged to be 
enabled in response to said first, second and third 25 
enable pulses for counting the reference clock pulse 
to produce a count value, incrementing or decre- 
menting the count value in accordance with a phase 
comparison provided by said phase detector (30), 
and producing from the count value a first group of 30 
delay control bits (Z5-Z9; X2-X6) in response to said 
first enable pulse (EN2), a second group of delay 
control bits (Z3-Z9; X0-X6) in response to said sec- 
ond enable pulse (EN1), and a third group of delay 
control bits (Z3-Z9; X0-X6) and a fourth group of 35 
delay control bits (Z0-Z2; Y0-Y2) in response to said 
third enable pulse (ENO); 

a second timing counter (45, 46) responsive 
to each occurrence of said first timing pulse for 
counting a delayed clock pulse from said coarse 40 
stepsize delay line (1 1) to produce a count, and pro- 
. ducing a second timing pulse (T2) when the count 
reaches a predetermined value, said second timing 
pulse defining the end timing of each of said longer 
intervals; and as 

a latch (43), responsive to said second timing 
pulse, for latching and forwarding the first, second 
and third groups of delay control bits to said coarse 
stepsize delay line ( 1 1 ) as said higher significant bits 
and latching and forwarding the fourth group of con- 50 
trol bits to said fine stepsize delay line (12) as said 
lower significant bits. 

4. A digital phase locked loop as claimed in claim 2 or 

3, wherein said up-down counter (42) includes 55 
means for producing an overflow output (OVF) for 
resetting said sequence controller (41) to an initial- 
ized state when the count value of the up-down 
counter reaches a full count. 



5. A digital phase locked loop as claimed in claim 4, 
wherein said sequence controller (41) includes 
means (440-444) responsive to said overflow output 
for causing said up-down counter (42) to be initial- 
ized to a reset state for a period sufficient for the 
delayed clock pulse to propagate through said dock 
tree (20) and starting to produce said enable pulses 
at the end Df said period. 

6. A digital phase locked loop as claimed in claim 4, 
wherein said first timing counter (44A) is arranged 
to be loaded with a second full count value (D) when 
a first full count is reached after said sequence con- 
troller (41) is reset to said initialized state, said first 
timing counter subsequently producing said first tim- 
ing pulse when said loaded second full count is 
reached, .said second full count value being smaller 
than said first full count value. 

7. A digital* phase locked loop as claimed in claim 2, 
wherein said up-down counter (42A) includes: 

afirst internal counter (460A) for counting the 
reference clock pulse to produce a first count value, 
incrementing or decrementing the first count value 
in accordance with said phase comparison, and pro- 
ducing from the first count value said third group of 
delay control bits (Z0-Z2; Y0-Y2), said first internal 
counter (460A) being arranged to be loaded with a 
first value (L-j) when the first internal counter pro- 
duces a carry output and a second value (L2) when 
the first internal counter produces a borrow output; 
and 

a second internal counter (461, 462) for 
counting the reference clock pulse to produce a sec- 
ond count value, incrementing or decrementing the 
second count value in accordance with said phase 
comparison, and producing from the second count 
value said first and second groups of delay control 
bits (Z3-Z9; X0-X6) in response to each one of said 
carry and borrow outputs. 

8. A digital phase locked loop as claimed in claim 3, 
. wherein said up-down counter (42A) includes: 

afirst internal counter (460A) for counting the 
reference clock pulse to produce afirst count value, 
incrementing or decrementing the first count value 
- in accordance with said phase comparison, and pro- 
ducing from the first count value said fourth group of 
delay control bits (Z0-Z2; Y0-Y2), said first internal 
counter (460A) being arranged to be loaded with a 
first value (L--) when the first internal counter pro- 
duces a carry output and a second value (LJ when 
the first internal counter produces a borrow output; 

a second internal counter (461) for counting 
the reference clock pulse to produce a second count 
value, incrementing or decrementing the second 
count value in accordance with said phase compar- 
ison, and producing from the second count value a 
lower significant subgroup (Z3-Z4; X0-X1) of said 
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seoond and third groups of delay control bits (Z3-Z9; 
X0-X6) in response to each one of said carry and 
borrow outputs of said first internal counter; and 

a third internal counter (462) for counting the 
reference clock pulse to produce a third count value, $ 
incrementing or decrementing the third count value 
in accordance with said phase comparison, and pro- 
ducing from the third count value said first group of 
delay control bits (Z5-Z9; X2-X6) and a higher sig- 
nificant subgroup (Z5-Z9; X2-X6) of said third group w 
of delay' control bits (Z3-Z9; X0-X6) in response to 
a carry or a borrow output produced by said second 
internal counter. 
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FIG. 7A 



DELAY CONTROLLER 40 



START 



RESET SEQUENCE CONTROLLER 41 TO STATE SI 
AND RESET U/D COUNTER 42 



SEQUENCE CONTROLLER 41 ALLOWS CLOCK PULSES TO 
PROPAGATE THROUGH CLOCK TREE 



SEQUENCE CONTROLLER 41 DETERMINES SEQUENCES 
S2 TO S5 DEPENDING ON PHASE DETECTOR OUTPUT 



U/D COUNTER 42 STARTS COUNTING CLOCK AT T1 TIMING 
AND PRODUCES OUTPUT DEPENDING ON THE SEQUENCES 



y 



• 1 , 5 

| LATCH 43 UPDATES X/Y DELAY CONTROL BITS AT T2 TIMING J 



FIG. 7B 

STATE TRANSITION DIAGRAM OF 
SEQUENCE CONTROLLER 41 



52, S3 : ENABLE = EN2 
STEPSI2E = Di X 4 



54 : ENABLE = EN! 
STEPSI2E = Di 



55: ENABLE = ENO 
5TEP5I2E , D 2 



RESET 



OVF=0 AND PD=1 



0VF=1 
_i_ 



OVF=0 AND PD=D 



0VF=1 

S 



OVF=0 AND PD=1 



OVF= 



0VF=1 



OVF=0 AND PD=0 



OVF=0 AND PD=1 



OVf=0 AND PD=0 



OVF=0 AND P0=1 



OVF=0 AND PD=0 



0VF=1 
S 



55 



OVF=0 



EP0 704 975A1 



FIG. 8 
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FIG. 10 
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FIG. 15 
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